EMIFACIAL spasm is categorized as a hyperactive cranial nerve dysfunction syndrome, and most instances are caused by aberrant and tortuous arteries producing mechanical compression at the facial nerve RExZ. 7, 9, 16 Microvascular decompression via a lateral suboccipital approach is widely performed to treat patients with hemifacial spasm. 9, 10, 19 Recently, MR angiography and MR cisternography have been used to evaluate the anatomy prior to MVD. The pathological arteries compressing the facial nerve at the RExZ can be presumed by studying the source images. In particular, a single MR cisternography image can depict the fine structures of cranial nerves and vessels within the CPA cistern as well as the adjacent brain parenchyma. 2, [11] [12] [13] [14] 17, 18, [21] [22] [23] [24] [25] Because these source images demonstrate the anatomical elements in a 2D fashion, however, it may be difficult to infer the 3D relationship of the nerve-vessel complex at the facial nerve RExZ.
EMIFACIAL spasm is categorized as a hyperactive cranial nerve dysfunction syndrome, and most instances are caused by aberrant and tortuous arteries producing mechanical compression at the facial nerve RExZ. 7, 9, 16 Microvascular decompression via a lateral suboccipital approach is widely performed to treat patients with hemifacial spasm. 9, 10, 19 Recently, MR angiography and MR cisternography have been used to evaluate the anatomy prior to MVD. The pathological arteries compressing the facial nerve at the RExZ can be presumed by studying the source images. In particular, a single MR cisternography image can depict the fine structures of cranial nerves and vessels within the CPA cistern as well as the adjacent brain parenchyma. 2, [11] [12] [13] [14] 17, 18, [21] [22] [23] [24] [25] Because these source images demonstrate the anatomical elements in a 2D fashion, however, it may be difficult to infer the 3D relationship of the nerve-vessel complex at the facial nerve RExZ.
In this study, we used an imaging technique in which 3D MR cisternograms and 3D MR angiograms are fused to provide 3D visualization and allow assessment of MVD in patients with hemifacial spasm. The 3D MR cisternogram represents a reconstructed T 2 -weighted 3D FSE sequence, and the 3D MR angiogram is an MR angiogram reconstructed from a 3D TOF SPGR sequence in the steady state. Images of black blood shown on T 2 -weighted FSE MR cisternograms and those of bright blood shown on TOF SPGR MR angiograms were coregistered and composed into a single 3D image by using a graphic computer workstation. With a transparent image of the fused 3D MR cisternogramangiogram, the site of the neurovascular compression was preoperatively assessed three dimensionally from various vantage points in the CPA cistern and within the affected fa- cial nerve. The simulated image depicting the surgical route was compared with the intraoperative image showing the spatial relationship between the presumed offending artery and the facial nerve at the rootlet from the brainstem. Postoperatively, a fusion image was made to ensure that the pathological vessels had been safely distanced from the facial nerve RExZ by microsurgical dissection and interposition of a prosthesis. The feasibility and accuracy of the transparent fusion image in the pre-and postoperative assessment of MVD for hemifacial spasm are discussed.
Clinical Material and Methods

Patient Population and Clinical Data
A consecutive series of 12 patients with hemifacial spasm visited our hospital for MVD between November 2004 and November 2005; all were included in this study ( Table 1) . The patients' ages ranged from 36 to 74 years (mean 54.2 Ϯ 18.9 years [standard deviation]). There were two men and 10 women. The spasm affected the right side of the face in three patients and the left side in nine. All patients underwent preoperative MR cisternography and MR angiography, and MVD was performed via a lateral suboccipital approach while auditory brainstem monitoring was conducted.
Acquisition of MR Cisternography Data
Magnetic resonance cisternography was performed with a clinical MR imager (Signa HiSpeed 1.0 t; General Electric Healthcare); a quadrature-head coil was used and a T 2 -weighted 3D FSE sequence was obtained. We used the following parameters: TR 4000 msec; TE 160 msec; number of excitations 1; echo train length 128; bandwidth 15.63 KHz; matrix 256 ϫ 256; section thickness 0.6 mm; section interval 0.6 mm; field of view 16 cm; and total imaging time 803 seconds. Overall, 96 continuous source axial images were acquired. Volumetric data were transferred to an independent workstation with medical visualization software (Zio M900 Quadra; AMIN).
The MR cisternography data were processed into the 3D volume-rendering data set (96 data points) in 9 seconds. The 3D MR cisternogram was rendered from the data set in 11 seconds using a perspective volume-rendering algorithm. On the signal-intensity histogram (arbitrary unit distribution) drawn on the source axial image of the cisternogram, the arteries, veins, and dura mater showed profoundly low signal intensity (50-150); cranial nerves and juxtacisternal brain parenchyma, moderately low signal intensity (250-300); and surrounding CSF, profoundly high signal intensity (500-750). To visualize the margin of the vessels, cranial nerves, and brainstem three dimensionally, we selected the entire hypointense area relative to the CSF from the opacity chart of the signal-intensity distribution by using a function of declining curve. The threshold value of this curve was adjusted according to each individual signalintensity distribution pattern with a threshold range of 420 to 460 (opacity level 100%) declining to 440 to 480 (opacity level 0%, width 20), and color rendered in blue. The 3D MR cisternogram depicted the spatial expansion of the contours of intracisternal objects in relation to juxtacisternal structures and projected from various viewpoints with a visual angle of 90˚.
Acquisition of MR Angiography Data
Magnetic resonance angiography was performed with the same image baseline, and data were obtained using a 3D TOF SPGR sequence. We used the following protocol: TR 35 msec; TE 3.9 to 4.1 msec; number of excitations two; flip angle 20˚; matrix 192 ϫ 128; section thickness 1.2 mm; section interval 0.6 mm; field of view 16 cm; no magnetization transfer contrast; zero-fill interpolation processing two times; 120 sections in total (two slabs); overlap of eight sections; and total imaging time 529 seconds. A total of 104 continuous source images were obtained. Following this unenhanced MR angiography session, steady-state contrastenhanced MR angiography was repeatedly performed after the intravenous administration (via the antecubital vein) of meglumine gadopentate (0.1 mmol/kg Magnevist; Schering Japan Co.).
Source axial volumetric data of unenhanced and contrast agent-enhanced MR angiograms were transferred to the same workstation. Data were interpolated every 0.6 mm and processed into the 3D volume-rendering data set (207 data points). The 3D MR angiogram was rendered with a perspective volume-rendering algorithm by using an increasing curve starting with a threshold of 170 to 180 (0% opacity level) and up to 190 to 200 (100% opacity level, width 20), with a visual angle of 90˚, and color rendered in red. Unenhanced 3D MR angiography depicted the spatial architecture of the arteries and large veins, and contrast medium-enhanced 3D MR angiography depicted the vessels including branching arteries, veins, and venous sinuses.
Reconstruction of the 3D MR Cisternograms and 3D MR Angiograms
A fusion image of the 3D MR cisternogram and 3D MR angiogram was reconstructed on a workstation by coregistering the 3D MR cisternogram and its coordinated 3D MR angiogram into a single 3D image; each image was created from each volume-rendering data set. To emphasize the vascular components, we used an MR angiography-weighted fusion image 22, 23 by compositing the 3D MR cisternogram (opacity level 15%, in blue) and the 3D MR angiogram (opacity level 100%, in red). Alternatively, we used a boundary 3D MR cisternogram 22, 23 and rendered it with a perspective volume-rendering algorithm by using a spiked peak curve with a threshold of 440 to 480 (opacity level
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The 3D visualization of neurovascular conflict in hemifacial spasm 83 Using reconstruction parameters of the function curves saved on the workstation, we instantly reproduced standard images of the 3D MR cisternogram, the 3D MR angiogram, and a fusion image of the 3D MR cisternogram-angiogram. Thus, the simulated images of the operative field through similar surgical routes were feasibly reconstructed for the different cases; however, certain adjustments of the threshold range-to refine the contours of the objects-and minor changes in visual projections from different vantage points were needed in individual cases. The total mean time required to produce a fusion image was approximately 30 to 50 seconds per image after scanning.
With a 3D MR cisternogram-angiogram fusion image, the spatial relationship of the nerve-vessel complex was assessed preoperatively from the various vantage points in the CPA cistern and within the affected facial nerve per se. The details seen on the simulated images obtained through the surgical route were compared with the operative findings. Postoperatively, the 3D imaging technique was used to demonstrate the successful dislocation of the causative vessels from the RExZ of the facial nerve performed by the microsurgical dissection and the interposition of a prosthesis.
Results
On the 3D MR cisternograms, the anatomical elements in the CPA cistern, including the nerve-vessel complex at the RExZ of the facial nerve, were depicted simultaneously. The facial and vestibulocochlear nerves were identified separately based on their origin in the internal auditory canal and their course toward the nerve rootlets at the brainstem. The arteries were identified by tracing the vessels to their origin from the VA and the veins to a larger vein and venous sinus. The arteries exhibited profoundly low signal intensity and were distinguishable from the cranial nerves and brain parenchyma, which were of moderately low signal intensity, but they could not usually be differentiated from the veins. In the patient with a recurrent hemifacial spasm (Case 11), a malpositioned prosthesis placed in the previous MVD was clearly not between the facial nerve and the brainstem but in the neighboring cistern. Additionally, the contrast medium-enhanced 3D MR angiogram showed that the arteries exhibited profound hyperintensity and that the veins exhibited moderate hyperintensity; the low signal intensity of these vessels was in strong contrast to the adjacent nerve and brainstem at the RExZ.
With the fused 3D MR cisternography-angiography image, the vascular components depicted on the 3D MR cisternogram can be delineated by referencing the overlapped 3D MR angiogram. The contact between the pathological vessels and the facial nerve at the RExZ could be visualized and evaluated from various perspectives in the CPA cistern, including the simulated surgical route. The offending vessels at the RExZ of the facial nerve were as follows: AICA (five cases), PICA (four cases), PICA and VA (two cases), and AICA and vein (one case). These lesions were confirmed intraoperatively (Table 1) . Alternatively, the actual site of the pathological vessels and the degree to which they compressed the facial nerve RExZ at the brainstem were assessed virtually-that is, from the viewpoint within the facial nerve directed to the nerve rootlets. The compressive sites of the offending vessels at the rootlets of the facial nerves were categorized as anterior to the nerve in 10 cases, inferior in one, and posterior in one ( Table 1) . The results of MVD were excellent in all patients, and symptom relief was complete immediately after surgery or in the following several days. There were no postoperative complications.
Illustrative Cases
Case 4
This 61-year-old woman underwent MVD treatment for left hemifacial spasm that had been insufficiently responsive to medical therapy for 4 years. Intraoperatively we found that the RExZ of the left facial nerve was compressed by the VA-PICA complex (Fig. 1A) . Preoperative 3D MR cisternography, projected left inferolaterally and simulated through the surgical route, showed the spatial relationship of the left facial and vestibulocochlear nerves to the left VA and PICA at the RExZ (Fig. 1B) . Contrast mediumenhanced 3D MR angiography (Fig. 1C) , with the coregistered projection as in Fig. 1B , demonstrated the architecture of the left VA and PICA. The boundary fusion image of the 3D MR cisternogram-angiogram (Fig. 1D) depicted the pathological PICA compressing the facial nerve at the RExZ. The 3D visualization of the nerve-vessel relationship provided by the fusion images was in agreement with the intraoperative findings.
Case 9
This 54-year-old woman underwent MVD; she presented with a 5-year history of left hemifacial spasm. Intraoperatively we noted that the left facial nerve RExZ was compressed by the rostral branch of the AICA (Fig. 2A) . Preoperative MR cisternography (Fig. 2B) , projected superoinferiorly, showed the left AICA at the anterior aspect of the left facial nerve RExZ. A contrast agent-enhanced 3D MR angiogram (Fig. 2C) and coregistered boundary fusion image of the 3D MR cisternogram-angiogram (Fig.  2D )-viewed virtually from within the facial nerve and projected toward the rootlet at the brainstem-showed the causative site; the facial nerve rootlet was compressed by the ascending rostral branch of the AICA anterosuperiorly. On the 3D MR angiogram (Fig. 2C) , the rostral branch of the AICA was not depicted continuously but was clearly identifiable, on the boundary fusion 3D MR cisternogram, as a series of rings in blue and seen transparently through the affected facial nerve (Fig. 2D) . The selected minimumintensity projection image of the preoperative MR cisternogram (Fig. 2E) , projected superoinferiorly, and the 3D MR cisternogram (Fig. 2F ) and boundary fusion image (Fig. 2G) , projected left superiorly, demonstrated the spatial relationship of the left facial and vestibulocochlear nerves to the left AICA complex at the RExZ. The AICA diverged into the premeatal caudal and ascending rostral branches; at its origin the rostral branch ran in a hairpinshaped course and compressed the anterosuperior aspect of the facial nerve at the RExZ. Postoperatively, the mini-mum-intensity projection image of the MR cisternogram (Fig. 2H) , projected superoinferiorly, and the 3D MR cisternogram (Fig. 2I ) and boundary fusion image (Fig. 2J) , projected left superiorly, showed the desired separation of the pathological AICA complex from the facial nerve RExZ created by the microsurgical dissection and interposition of a prosthesis.
Case 11
This 66-year-old woman had undergone MVD for left hemifacial spasm 5 years previously, but the symptoms recurred within a year and gradually worsened. An MR cisternogram (Fig. 3A) , projected superoinferiorly, showed the left PICA at the anterior aspect of the left facial nerve RExZ. The prosthesis was not observed between the offending PICA and the facial nerve RExZ, but was seen in the neighboring cistern. Intraoperatively we noted the prosthesis and the offending PICA at the facial nerve RExZ (Fig. 3B and C) . The 3D MR cisternogram (Fig. 3D) , 3D MR angiogram (Fig. 3E) , and boundary fusion 3D MR cisternogram-angiogram (Fig. 3F) , projected left superolaterally, showed that the offending PICA compressed the anterior aspect of the facial nerve RExZ and that the prosthesis was within the cistern.
Discussion
The RExZ of the facial nerve exists medially to the RExZ of the vestibulocochlear nerve within the supraolivary fossula. The supraolivary fossula is located in the lateral aspect of the pontomedullary junction-anterosuperior to the choroid plexus protruding from the foramen of Luschka; anterior to the cerebellar flocculus; rostral to a line drawn along the junction of the rootlets of the glossopharyngeal, vagus, and accessory nerves within the brainstem; and slightly posterior to the rostral pole of the inferior olivary body. 7, 16 The offending vessels may be located on either the anterosuperior or anteroinferior aspect of the facial nerve at its exit from the brainstem. 7, 9, 10, 16, 19 In the most common type of hemifacial spasm that originates
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The 3D visualization of neurovascular conflict in hemifacial spasm in the orbicularis oculi muscle and spreads downward to involve the lower face, the anteroinferior aspect of the RExZ of the facial nerve will be compressed. 1, 6 The causative vessels are pre-or postmeatal segments of the AICA and its branches, the PICA, VA, veins, and a combination of these vessels. 9, 10, 19 In a procedure involving an MVD for hemifacial spasm performed via the lateral suboccipital approach, the offending vessels are mobilized and lifted away from the facial nerve RExZ; to achieve this, prosthetic material is interposed caudally through a space between the glossopharyngeal nerve and the flocculus. Because the facial nerve runs anterior to the flocculus, choroid plexus, and vestibulocochlear nerve, 7, 16 one may have difficulty seeing the facial nerve directly at its junction with the brainstem. Therefore, it is important to evaluate the preoperative images for the complex nerve-vessel relationship around the facial nerve RExZ from various perspectives within the CPA cistern before initiating the actual surgical access for the MVD.
Because of recent advances in MR imaging techniques, the relationship of the anatomical elements in and around the CPA cistern can be depicted; thus, the surgeon has foreknowledge of the causative vessels in proximity to and actually compressing the facial nerve at the RExZ. With 3D TOF SPGR imaging, the cranial nerves and brain parenchyma are represented by relatively low signal intensity, and the vessels are delineated by profoundly high signal intensity (bright blood). Vessels near the RExZ of the facial nerve are clearly visualized in contrast to the surrounding facial and vestibulocochlear nerves, flocculus, choroid plexus, and brainstem. Additionally, steady-state contrast medium-enhanced MR angiograms, obtained using the 3D TOF SPGR sequence after the intravenous administration of contrast medium, can enhance the depiction of vessels with relatively slow-flow velocity, due to T 1 signal shortening effect of the intravascular paramagnetic agents. 1, 8 In relation to veins and venous sinuses, small branches and distal portions of the AICA and PICA adjacent to the facial nerve are represented more clearly than those on conventional unenhanced MR angiography. The vascular structures demonstrated on 3D TOF SPGR imaging with or without contrast medium administration, however, do not indicate the luminal morphological features, as shown by digital angiography and computed tomography angiography. The MR angiogram depicts the intravascular flow condition caused by an inflow effect related mainly to the peak flow velocity of the vessels with or without a T 1 signal shortening effect. [20] [21] [22] [23] In contrast, MR cisternograms, obtained using constructive interference in steady state; 13, 14, 25 fast imaging employing steady-state acquisition, or true fast asymmetrical spin echo; 2,24 3D FASE; 13 and 3D FSE imaging, 11, 12, 17, 18, [20] [21] [22] depict the vascular structures, cranial nerves, and brain parenchyma with low signal intensity, so that the space-occupying intra-and juxtacisternal structures are well demarcated by the hyperintense adjacent subarachnoid CSF. In particular, MR cisternograms obtained using T 2 -weighted 3D FASE or 3D FSE imaging, [11] [12] [13] 17, 18, [20] [21] [22] with fine adjustment of echo time and repetition time, can demonstrate the vascular structures as complete flow voids with profoundly low signal intensity (black blood), the cranial nerves and brain parenchyma with moderately low signal intensity, and the CSF with profoundly high signal intensity. These features may be useful to distinguish the boundary of vascular structures from the cranial nerves within the cistern in conjunction with the surrounding brain parenchyma.
The 3D visualization of neurovascular conflict in hemifacial spasm The 3D anatomical relationship of the nerve-vessel structures around the facial nerve RExZ is complicated. It may be difficult to acquire a precise understanding of the spatial architecture by simply reviewing one or more of the source images displayed two dimensionally. The 3D reconstruction of the volumetric MR cisternography data (with a perspective volume-rendering algorithm) can isolate the entire area for which the signal intensity is lower than that of the CSF from the whole volume-rendering data set and can do so without targeting or trimming of the region of interest. [20] [21] [22] Consequently, the conventional 3D MR cisternogram provides an extensive spatial view of the complicated anatomical elements within a cistern, including the facial nerve, offending vessels, and surrounding brainstem.
In addition, the boundary 3D MR cisternogram, reconstructed using a perspective volume-rendering algorithm with transluminal imaging technique, 22, 23 allows the imaging of boundaries. The contours of foreground objects are depicted as a series of rings, so that the underlying structures are visualized directly through the spaces between rings from outside or inside the objects. In a case in which the facial nerve RExZ is hidden by the flocculus, choroid plexus, and vestibulocochlear nerve, the boundary between the facial nerve rootlet and the brainstem can be discerned through the transparent obstacles in the foreground.
By using a fused 3D MR cisternogram-angiogram, both the nerve-vessel structures depicted on the 3D MR cisternogram and the vascular structures demonstrated on the 3D MR angiogram are coregistered in a single 3D image. With a boundary fusion 3D MR cisternogram-angiogram, the vascular components depicted on the 3D MR cisternogram can be discriminated by referencing the overlapping 3D MR angiogram. Consequently, the transparent fusion 3D MR cisternogram-angiogram can provide a precise assessment of the actual contact and compression between the offending vessels and the facial nerve RExZ. The site of neurovascular compression at the nerve rootlet from the brainstem was assessed preoperatively in 3D fashion from various viewpoints in the CPA cistern and virtually within the facial nerve.
Because the retraction of the petrosal surface of the cerebellum, choroid plexus, and flocculus and the dissection of the arachnoid membranes are usually performed during surgical manipulation, the preoperative 3D cisternograms may not be identical to the operative fields, but the shape of the anatomical elements and their spatial relationships, without surgical manipulation, correlate well with the intraoperative findings. The movement of the intra-and juxtacisternal structures following surgical exposure always compromises the comparison of the pre-and intraoperative studies.
Preoperatively, the spatial relationships between the offending vessels and the facial nerve RExZ can be assessed from various perspectives, including the simulated surgical route, and may provide useful information for the preoperative planning of the MVD. Because the offending vessels usually compress the anterior aspect of the facial nerve RExZ and because the actual compressive sites are sometimes not visible through the surgical route, virtual visualization of the compressive site of the offending vessels in relation to the entire shape of the facial nerve rootlets may be helpful before placing the prosthetic material. In our small series of patients with hemifacial spasm, we included one patient (Case 11) with recurrent hemifacial spasm. Preoperative boundary fusion 3D MR cisternography-angiography assessment clearly depicted the spatial relationship between the nerve-vessel complex and the prosthesis. The residual prosthetic material was shown to be out of place, and the facial nerve was directly compressed by an offending PICA at the facial nerve RExZ; the intraoperative findings confirmed the relationship of the nerve-vessel complex and the prosthesis. Postoperatively, a fusion image of the 3D MR cisternography-angiography study was obtained in most cases. To confirm the success of MVD in patients with hemifacial spasm, it was helpful to visualize the entire course of the dislocated offending vessels-now no longer compressing the facial nerve-and the interposition of the prosthesis.
Consequently, the fused 3D MR cisternography-angiography imaging technique may prove useful as a preoperative adjunct and also in the postoperative assessment of MVD in patients with hemifacial spasm. The fusion imaging modality may provide helpful information regarding the neurovascular conflict at the time of MVD in patients with typical hemifacial spasm. In particular, it may be valuable in demonstrating a misplaced prosthesis when assessing patients with recurrent spasms. The significance of these imaging findings, however, needs to be clarified in a larger population, including one in which there are false-negative and false-positive results. Additionally, it is necessary to obtain a more precise image of the compressive site and the degree of the offending vessels, in conjunction with fine arterioles, perforating structures, and small veins around the facial nerve RExZ. More work is required to validate the imaging technique and clarify the accuracy of the pathological neurovascular conflict in patients with hemifacial spasm.
Conclusions
Coregistered fusion images of 3D MR cisternograms and 3D MR angiograms may be useful in the pre-and postoperative assessment of MVD in patients with hemifacial spasm. The complex nerve-vessel structures at the RExZ of the facial nerve can be visualized three dimensionally. The relationship between the offending vessels and the facial nerve at the rootlets of the brainstem may be discerned preoperatively and seen from various perspectives within the CPA cistern, within the facial nerve, and through the simulated surgical route. The 3D visualization of the nervevessel relationship obtained using the present technique was comparable to the intraoperative findings. Postoperatively, the success of the microsurgical dissection and interposed prosthesis in relation to the pathological vessels can be confirmed on a fusion image. In this light, the 3D MR cisternogram-angiogram fusion technique can be applied to investigate other neurovascular compressive syndromes including trigeminal neuralgia, 1,2,14,24,25 glossopharyngeal neuralgia, 5, 14 vestibulocochlear compressive tinnitus and hearing loss, 4, 15 and neurogenic hypertension. 3, 14 
